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ABSTRACT 

I present the contribution of scalar particles to the decay of the gauge boson 
into three photons, if their masses are larger than the mass. As an underlying 
theory I take the two Higgs doublet model and the minimal supersymmetric standard 
model. I show that the amplitude is identical to up to the second order in the 
expansion of the Higgs mass squared. The maximal contribution to the partial decay 
width of the Z^ to three photons via a charged Higgs scalar loop is therefore about 
4 X 10~^^ {mzo /mH+)^ GeV, which is more than a factor of 5 x 10^ less than the W 
boson contribution and so more than 6 orders of magnitude less than the fermionic 
contribution. If we take into account all families of the scalar partners of the leptons 
and quarks this value is enhanced by a factor of about 50 and therefore still much 
less as the W boson contribution and the fermionic one. 
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I. INTRODUCTION 



There has been recent interest in the rare Z to three-photon decay [1-7 and refer- 
ences therein]. It is well known that due to Bose statistics and angular momentum 
conservation the two- photon Z decay is forbidden (Yang-Mills theorem). Whereas 
the three-photon Z decay is allowed, it however only occurs in the standard model 
(SM) via one loop diagrams . In the SM there are only two contributions; one with 
fermions in the loop and the other one with W bosons. The first contribution was 
considered in ref. [1-3] and the second in ref. [4-6]. It was shown that the maxi- 
mal fermionic contribution to the partial decay width for 87 decay is about 
7 X 10~^° GeV for a heavy top, and the W boson contribution is only 2 x 10~^^ GeV. 

Experimentally the Z° 87 decay could be visible if its branching ratio is 
larger than 10~^ [6], which is certainly not the case in the SM. Branching ratios of 
this order can be obtained by composite models [6-7]. 

Although the SM satisfies all presently known experimental values there is strong 
belief in a model beyond the SM. One of the most favoured models is the minimal 
super symmetric standard model (MSSM) [8-9] . The MSSM enhances the number of 
particles by at least a factor of 2. One important new type of particles are scalar par- 
ticles such as the Higgs bosons and the scalar partners of the leptons and quarks. 

In this paper I present the contribution of the charged Higgs particle to the 
three-photon Z decay and use as an underlying model the two Higgs doublet model 
(see e.g. [10] and references therein), but because of the importance of the MSSM 
I also present contribution of scalar quarks and leptons to this decay rate. One 
purpose of this paper is to fill in the gap in calculating the contributions of all three 
type (scalars, fermions and vector bosons) of particles to this decay mode. 

In the next section I present the calculation. I discuss the results in the Con- 
clusions. 

II. SCALAR PARTICLE CONTRIBUTION TO THE THREE-PHOTON 
Z DECAY 

There are four types of loop diagrams, which contribute to the Z — 87 decay. 
They are shown in Fig.l. I start with the charged Higgs particle with its coupling 
given in ref. [11] and then present the results of the contributions of scalar quarks 
and leptons. 

In the calculation I include all terms and make no use of gauge invariance, that 
is I take q^, Pi,P2,Ps 0- The mass of the photon I set to zero — 0. Here q is the 
momenta of the Z° boson, its Lorentz index, pi are the momenta of the outgoing 
photons and a, /?, 7 their Lorentz indices. Doing this we are left with a large number 
of terms, which cannot be presented in this short paper. Therefore I only comment 
on the calculation procedure and give some results during the calculation, before I 
present the final result. 

After summation of all diagrams the logarithmic divergencies (there are no 
higher ones) coming from dimensional integration cancel out leaving us with a finite 
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result. I show this exphcitly below. To present analytical results, we have to do 
one simplification, otherwise the calculation could be only done numerically from 
the beginning. We suppose that the scalar particle mass is much larger than the 
Z boson mass. For the charged Higgs and scalar quarks this is certainly a good 
approximation in the MSSM. Only for the scalar leptons might it be false, although 
the scalar neutrinos do not contribute to Z — > 87 decay at all. Because we arc only 
interested in the contribution scalar particles might give to the three-photon Z decay 
I consider this a reliable approximation. 

After a straightforward but tedious calculation it turns out that the matrix ele- 
ment is identical to in the order (m^o/m$)^ when expanding in the scalar mass and 
neglecting terms on the order {mz" /m^)'^. The reason is because of gauge invari- 
ance. Writing down the amplitude in its most general form in the order (m^o/m$)^ 
that is in the basis of g^iagpy, 9fip9aj; gfi-yQap; 9fia{pi,P2,P3}p{pi,P2,P3}Y, 

gixl3{pi,P2,P3}a{pi,P2,P3}Y,g^c-,{pi,P2,P3}a{pi,P2,P3}/3;gap{pi,P2,P3}^c{pi,P2,P3}Y, 

9a'y{Pi,P2,P3}APi^P'^^P3}f3:gf3y{Pi,P2,P3}fj,{Pi^P'2^P3}c^ (^erc thc momcuta in the 
parenthesis take all possible combinations in the indices) and using gauge invariance 

{PitP2tPs} ■ Mfj^a/s-y = shows that all coefficients in front of the upper terms have 
to be 0. It is not possible to have gauge invariance and the matrix element in the 
order (m^o/m^)^. Gauge invariance is only possible if we also take into account all 
the {pi,P2,P3}n{Pi,P2,P3}a{Pi,P2,P3}(3{Pi,P2,P3}f terms. We are therefore forced 
to include the former neglected (m^o/m$)'* terms. As a result the matrix element 
of the charged Higgs scalar contribution to Z ^ 87 decay can be written in the 
following form 

iM =a\ot2ewj^^M^^-f'^eyj'^eJ^e;P- (1) 

+ Cf^^"^ + Cfg'^^ -f- C^'^g^^ + I^^"^^ 

Ai =2[{piP2){piP3) + KP1P2){P2P3) + 3(piP3)(P2P3)] 

A2 =Ai{pi ^ P2) 
A3 =Ai{pi ^ ps) 

Bi'^ = - PlP2(2pi + 6p2 + P3)>3 - PlP3(2pi -\-p2-\- 6p3)^P2 
+ P2P3[(2pi + P2Yp'1 + rfPs] 

B^^ =Bi{pi ^p2,p^ a) 
B^'^ =Bi{pi ^ps^'j ^ a) 

= - PlP2{Qpi + QP2 + ^P3VP3 - PlP3[{-Pl + P2 + P3YP2 + P2P3] 
- P2P3[{P1 -P2+ P3YP1 + PiPI] 
Cf =C,ip2^P3,l^f3) 

C3"* =Ci(Pi ^ P3, 7 ^ «) 

L»Ma/37 =p-{5p^py^ + + pJp^pI) + pI(p^P^2P3 + PjP2P^ + Sp^P^Ps ) 
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+ pI{p1p^i4 +P^ipM + 5P(P2P^) + q''{p^iP^2Pt+PjP2l4) 
+ 6Kp^pIp? + GpfpJpM + 6KpI + pMKp? + 6(pi + P2rpfp^P^ 
q =pi +P2+PZ 

where the e are the polarization vectors of the Z boson and photons. 

We have checked that the matrix element is gauge invariant in all four momenta 
that is {q^ ^Pi^P2^p1} ■ M^^p^ = this is also true if we set pf — P2 — P3 = 0. 

It is also worth making a few comments on the parameters A^, because here we 
can explicitly see how the divergencies cancel. Before the expansion in terms of the 
scalar masses these parameters are given by 

1 1 — ai \—Ol\—Ol2 g 

Ai=180 fda,[logfl- I c/«2{2 log /2, + 21og/f- j das ^ log/§}} 



Ai 


=180 y 











fl 


=mjj+ - 




=mjj+ - 


/f 




=mjj+ - 


Jij 


=mjj+ - 




=m%o 



^ai(l - ai) + 2qpiaia2 (2) 
fij =^H+ - - «i) - 2piPjQ!2(l - 0:2 - as) + 2{pi -\- pj)qa\a2 + 2qpiaiaz 



The / functions would also be in the denominator of the terms S^, Ci and D of M^°'^'^ 
in eq.l, but since we neglect terms of the order higher than {mzo /'mH+)^ we are only 
left with m|^+ in the denominator, fl comes from Fig.l a), /J^ from Fig.l b), //^ 
from Fig.l c) and ff^ from Fig.l d). After integration over the Feynman parameters 
in eq.2 we explicitly see that each constant term is cancelled (1 — ^-2 — 1-2+|-6 = 0). 
This cancels the logarithmic divergency in dimensional integration. 

To calculate the partial Z decay width we have to square the magnitude of eq.l. 
I use the usual sum over polarizations for the photons and for the Z boson and 
because of gauge invariance do neglect the q'^ term there. I also set q^ but 

Pi=P2—P3—^^^ matrixelement. I do get the same result even without the 
last condition. As a result I obtain 



\Mf =3^(^)'«^cot22G;^(^)'{68[(pip2)'(piP3)' + {piP2f{p2P3) 

iPlPs)^ {P2P3)^ + 25m|o(piP2)(PlP3)(P2P3)} (3) 



We see that the final result is symmetric under the interchange of different p^'s. 
The outcoming photons are massless and so we can even do the three body phase 
space analytically. Because of the above mentioned symmetry it is also not necessary 
to calculate every single term explicitely. In the calculation of the three body phase 
space I make extensive use of eq.Bll in [12], which can be easily changed to the form 
needed here. After this we are left with one final integration over the energy of one 
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outcoming photon, which has to be integrated from to mzo /2. 

As a final result I obtain for the partial three-photon Z decay width 

Th.{Z' 37) =2.74. 10-^^cot^2ew^ • im^o(^)' (4) 

[Any 80 \mH+ ' 

^3.75 X 10-^^ f^)' GeV 
\mH+ ) 

with mzo = 91.17, a = 1/128 and sin^ Qw = 0.23. 

III. CONCLUSIONS 

As a result we find that the charged Higgs scalar contribution to the three- 
photon Z decay is always less than 3.75 x 10~^^ with a further suppression fac- 
tor of {rnzo /mH+Y 1 which cannot be neglected as I did an expansion in terms of 
{mzo /ruH+y' in the calculation of the matrix element. The result is therefore more 
than a factor of 5 x 10^ less than the contribution of the W boson [4] and even more 
than a factor of 1.86 x 10^ less than the fermionic one [3]. 

Finally I want to comment the contributions of the scalar partners of leptons 
and quarks to the decay — > 37. The calculation is exactly the same as for the 
charged Higgs scalar if we make the same assumption that the masses of the scalar 
leptons and quarks are much larger than the Z boson mass. In the final result we 
just have to replace cot 20^^^ by eg(T3q — CqSiv? Q-^) / sin G^y cos G^i/. Here is 
the charge and T^q the isospin of the considered particle. cot20vF suppresses the 
partial decay width by a factor of cot^ 2©vk ~ 0.41. If we assume for simplicity the 
masses of the scalar particles to be about the same and sum over all the families 
(including the colour factor for the quarks) we get an enhancement of a factor of 
[3(1 — 44sin^ 0^^/27)/ sinGw' cosG^^]^ ~ 19.86 which is a factor of 50 higher than 
for the charged Higgs scalar giving us 1.82 x 10~^^ in eq.4. As a final result we have 
that scalar particles lead in general to a contribution to the three-photon Z decay 
width more than a factor of 1000 smaller as the W boson if the scalar masses are 
not too heavy. 

In the MSSM we also know that the charginos (the mass eigenstates of the 
fermionic partners of the charged Higgs scalar and W bosons) contribute to the 
— > 37 decay similarly to the fermions, which were considered previously [1-3] . In 
this paper we also did not consider interference terms as the fermionic contribution 
is four orders of magnitude larger than the scalar contribution. We only considered 
the contribution of the scalar particles as one purpose of this paper was to fill in the 
gap in the calculation of the contributions of all kind of particles to the three-photon 
Z partial decay width. A general analysis within the MSSM will be presented else- 
where [13]. 
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FIGURE CAPTIONS 

Fig.l The diagrams with scalar particles within the loop, which contribute to the 
three-photon Z decay. There are 3 different ones in Fig.l a), 6 in Fig.l b)-d). 
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